Abstract Mycobacterium smegmatis, a rapidly growing nonpathogenic mycobacterium, is currently used as a model organism to study mycobacterial genetics. Acetamidase of M. smegmatis is the highly inducible enzyme of Mycobacteria, which utilizes several amide compounds as sole carbon and nitrogen sources. The acetamidase operon has a complex regulatory mechanism, which involves three regulatory proteins, four promoters, and three operator elements. In our previous study, we showed that overexpression of AmiA leads to a negative regulation of acetamidase by blocking the P2 promoter. In this study, we have identified a new positive regulatory protein, AmiC that interacts with AmiA through protein-protein interaction. Gel mobility shift assay showed that AmiC protein inhibits AmiA from binding to the P2 promoter. Interaction of AmiC with cis-acting elements identified its binding ability to multiple regulatory regions of the operon such as P3, OP3, and P1 promoter/operator. Consequently, the addition of inducer acetamide to AmiC complexe trips the complexes, causing AmiC to appear to be the sensory protein for the amides. Homology modeling and molecular docking studies suggest AmiC as a member of Periplasmic binding proteins, which preferentially bind to the inducers and not to the suppressor. Overexpression of AmiC leads to down-regulation of the negative regulator, amiA, and constitutive up-regulation of acetamidase. Based on these findings, we conclude that AmiC positively regulates the acetamidase operon.
Introduction
Mycobacteria can utilize amides (EC 3.5.1.4) as sole carbon and nitrogen sources. Mycobacterium smegmatis (M. smegmatis) amide hydrolysis is catalyzed by the enzyme acetamidase, which hydrolyzes the short chain aliphatic amides into ammonia and respective acids (Draper 1967) . This enzyme acetamidase is expressed up to 10% of the total cell protein in the presence of its suitable substrate. Acetamidase operon is induced by acetamide or butyramide and suppressed by sodium succinate (Draper 1967) . Inducibility of the acetamidase promoter makes the operon attractive to study in constructing inducible expression systems for expressing mycobacterial proteins.
Acetamidase operon is regulated by four regulatory genes, amiC, amiA, amiD, and amiS (Mahenthiralingam et al. 1993) . One of the transcriptional regulators, AmiA has been shown to negatively regulate the acetamidase operon by binding to the P2 promoter (Sundararaman et al. 2014) . Disruption of amiA leads to a constitutively high level expression of acetamidase (Parish et al. 2001) . amiD is also thought to be a transcriptional regulator, belonging to the zinc finger family of proteins. The homologous protein of amiD, fmdB was shown to regulate formamidase expression in Methylophilus methylotrophus (Wyborn et al. 1996) . amiS, which encodes the putative ABC transporter was predicted to function as an amide transporter (Parish et al. 1997) . amiC, which is divergently transcribed from the negative strand of amiE, is also proposed to be a transcriptional regulator (Narayanan et al. 2000; Parish et al. 1997) .
Multiple promoters and operators are involved in controlling acetamidase expression. The Pc promoter that drives amiC is weak and constitutive, whereas P1, which lies upstream of amiA, is also constitutive but highly inducible. The P2 that drives amiD is a strong amide inducible promoter. The third promoter P3, which is present upstream of amiE, is a weak promoter (Parish et al. 2001) . Three potential operators exist: OP1 that is present at the 3′ end of amiC was shown to be important in inducing conditions of the operon. OP2 that is present between amiA and amiD was involved in non-inducing conditions of the operon and the third operator, OP3 that is present between amiD and amiS which was constitutive in nature ( Fig. 1 ) (Subbian and Narayanan 2007) .
A previous observation with amiC knockout strain showed that the strain was totally non-inducible to the inducers, denoting its role as a positive regulator of amiE expression (Roberts et al. 2003) . The M. smegmatis amiC shares homology with regulatory proteins such as nhhC and nhlC of Rhodococcus rhodochrous J1 and amiC of P. aeruginosa (Parish et al. 1997) . In P. aeruginosa, the amiC homolog was reported to be a negative regulator of amidase expression (Wilson and Drew 1991) , whereas the R. rhodochrous nhhC and nhlC were shown to be positive regulators of nitrile hydratase and amidase expression respectively (Komeda et al. 1996a; Komeda et al. 1996b ). The AmiC of M. smegmatis is a small molecule binding protein with a periplasmic binding domain in its structure. Periplasmic binding proteins are non-enzymatic receptor proteins that bacteria use to transport small molecules into the cytoplasm (Ames 1986) .
In this study, we report the molecular mechanism of AmiC in the gene regulation of the acetamidase operon. We have identified that AmiC directly interacts with the negative regulator AmiA and prevents AmiA from binding to the P2 promoter. In addition, gel shift experiments demonstrated that AmiC binds to the P3 and P1 regulatory regions and thereby controls the AmiA expression. We have also established AmiC as a specific amide binding protein, which binds to the inducer (acetamide) and modulates gene regulation. Based on the results described herein, we have proved that AmiC is a positive regulator of the acetamidase operon.
Materials and methods

Bacterial strains and media
Escherichia coli DH5α and E. coli BL21 (DE3) were obtained from Novagen. E. coli strains were grown in Luria Bertani (LB) liquid and solid (with 1.5% agar) media at 37°C with 40 μg/ml kanamycin. Mycobacterium smegmatis mc 2 155 was grown either in LB or KohnHaris minimal medium with 0.05% Tween 80 and 20 μg/ml kanamycin at 37°C. Inducer (acetamide) and co-repressor (sodium succinate) were added whenever necessary at appropriate concentrations as indicated elsewhere.
Far-Western blotting
Far-Western blotting (FWB) was performed to identify interacting proteins for AmiA from whole cell extracts of acetamide-induced, succinate added, and uninduced M. smegmatis cells. In brief, the M. smegmatis wild-type cells were grown in Luria-Bertani Tween 80 medium for 48 h at 37°C. Further, the cells were pelleted down and suspended in Kohn-Harris minimal medium overnight at 37°C. Then, the cells were induced with acetamide or succinate or left uninduced for 24 h and harvested by centrifugation at 6800×g for 15 min. The cells were lysed using sonication with cell lysis buffer (50 mM NaH 2 PO 4 pH 8.0, 300 mM NaCl, 20% glycerol, and 0.5 mM phenyl methyl sulfonyl fluoride). Ten micrograms of the proteins were separated and transferred to polyvinylidene flouride (PVDF) membrane. Proteins in the membrane were refolded by incubating with 6, 3, 1, and then 0.1 M Guanidine-HCl in AC buffer (5 M NaCl, 1 M Tris, pH: 7.5, 0.5 M EDTA, 10% Tween-20, 2% skim milk powder, 10% glycerol, and 1 M DTT) for 30 min at room temperature (RT). Then, the membrane was completely re-natured in AC buffer and left overnight at 4°C. The membrane was then blocked with 5% skim milk and incubated with 100 μg of the purified bait protein, His-AmiA for 6-7 h at 4°C. Recombination His-AmiA protein was prepared as mentioned previously (Sundararaman et al. 2014) . Thereafter, the membrane was probed with anti-His antibody and visualized using enhanced chemiluminescent (ECL) detection. Fig. 1 Acetamidase operon structure. The figure depicts the order of genes and positions of the promoters and operators in the acetamidase operon. amiC, amiA, amiD, and amiS are the functional genes and amiE is the structural gene of the operon. Promoter Pc drives amiC, P1 drives amiA, P2 drivers amiD and amiS and P3 drives the expression of amiE. Location of the operators OP1, OP2, and OP3 is also indicated. Arrows depict the direction of transcription
Pull down assay
An affinity pull-down assay was performed in Poly-Prep chromatography column (Bio-Rad, USA) with Ni-Nitrilotriacetic acid (Ni-NTA) resin (Invitrogen, USA). The recombinant HisAmiA protein (500 μg) was incubated with Ni-NTA resin for 2 h at 4°C with gentle agitation. The columns were washed with buffer A (50 mM NaH 2 PO 4 pH 8.0, 300 mM NaCl, 20% glycerol, and 0.5 mM phenyl methyl sulfonyl fluoride) containing 40 mM imidazole and incubated with whole cell extracts (1000 μg) from the acetamide-induced M. smegmatis cells for 4 h at 4°C with gentle agitation. Unbound proteins were removed by washing the column with 10-column volumes of buffer A. The interacting proteins were eluted with buffer A containing 200 mM imidazole. Eluted proteins were separated by SDS-PAGE and analyzed by FWB.
Electroelution of proteins
The cytoplasmic lysates of acetamide induced M. smegmatis cells was sonicated in buffer A and separated using Tricine-PAGE. Interacting protein bands were excised from the gels and washed with wash buffer (50% acetonitrile, 50 mM ammonium bicarbonate) until the Coomassie dye was completely removed. Gel slices were loaded onto the glass tubes with protein elution buffer (25 mM Tris, 125 mM glycine and 0.1% SDS), and the proteins were eluted according to the manufacturer 's instructions (Bio-Rad, USA). The electroeluted proteins were dialyzed, concentrated, and buffer exchanged using Zeba desalting spin columns (Pierce, USA).
Mass spectrometry analysis
AmiA interacting protein bands were excised from the SDS-PAGE gels, and in-gel digestion was performed for the interacting proteins as described previously (Shevchenko et al. 2006) . The extracted peptides were purified using C-18 ZipTip pipette tips (Millipore, USA) and then spotted with 1:1 α-cyano-4-hydroxycinnamic acid matrix onto an Opti-TOF 96-well MALDI plates. Peptides were analyzed on a Matrixassisted laser desorption ionization time-of-flight (MALDI-TOF TOF MS/MS), Daltonics Ultraflex III mass spectrometer (Bruker). The resulting MS/MS spectra were analyzed using Mascot Server.
Electrophoretic mobility shift assay
Each primer was designed to amplify approximately 150-180 bp by designing overlapping primers for every 150 bp of the predicted promoter and operator regions (OP1, OP2, OP3, Pc-P1, P2, and P3) of the acetamidase operon, radiolabeled with [α 32 P]dCTP, and EMSA was performed as reported earlier (Sundararaman et al. 2014) . EMSA experiments were also titrated with specific and non-specific DNA, protein, and acetamide concentrations. Further, the AmiC DNA-binding motif was identified using multiple em for motif elicitation (MEME) (Bailey and Elkan 1994) . Position-dependent letter probability matrices generated by MEME were represented by WebLogo application.
In vivo over-expression
Wild-type (WT) and recombinant M. smegmatis cells transformed with pMVOrfC plasmid were cultured in LuriaBertani Tween-80 (LBT) medium containing 20 μg/ml of kanamycin and were grown at 37°C with shaking for 48 h (Sundararaman et al. 2014) . Cells were centrifuged at 4000×g for 10 min, washed and re-suspended in KH medium with 20 μg/ml of kanamycin, and grown at 37°C overnight. Cells were exposed to heat shock for induction of the hsp60 promoter at 42°C for 2 h and allowed to grow further for 3 h at 37°C and then induced with 25 and 35 mM concentrations of acetamide and allowed to grow at 37°C for another 4 and 18 h. The cells were then harvested by centrifugation at 6800×g for 15 min, and the pellet was preserved at − 20°C for further use.
RNA isolation and real-time qPCR
Total RNA was isolated from over-expressed cultures using an RNeasy kit (QIAGEN, Inc.). The RNA was subsequently treated with DNaseI at 37°C for 45 min to eliminate any remaining DNA after isolation. cDNA was synthesized with 1 μg of RNA using QuantiTect reverse transcription kit (Qiagen), according to the manufacturer's instructions. For the determination of relative mRNA concentrations, qPCR was carried out using Taqman qPCR master mix plus low ROX (Eurogentec) according to the manufacturer's instructions using the Applied Biosystems 7300 real-time PCR system (Applied Biosystems). The qPCR primers were designed as mentioned previously (Sundararaman et al. 2014) . To check for DNA contamination, control reactions for each sample were carried out in the absence of reverse transcriptase enzyme. The amplification conditions for all reactions were 1 cycle of 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 1 min. Analysis of qPCR data was carried out using the comparative C T method. For each qPCR run, the calculated threshold cycle (C T ) was normalized to the C T of the internal control 16S rRNA which was amplified from the corresponding sample.
In silico structure prediction
The PSIPRED server was used to predict the secondary structure of the AmiC protein (McGuffin et al. 2000) . The 3D structure for AmiC of M. smegmatis was predicted using the homology modeling program, MODELLER (v9.14) in discovery studio (DS) (Sali and Blundell 1993) . The amino acid sequence of the AmiC protein (Uniprot Accession: A0QVC0) was obtained from The National Center for Biotechnology Information (NCBI) and searched for in the Protein Data Bank (PDB). The best match from the basic local alignment search tool (BLAST) result (PDB ID: 3A2Q) was used as a template. Target and template sequences were aligned using the align123 program of DS. The stereochemical property of the generated model was evaluated using a Ramachandran plot. The predicted three-dimensional protein structures were visualized using DS Visualizer 2.1.
Docking of AmiC
The modeled AmiC structure was docked against acetamidase operon inducers and supressors. The docking between AmiC and ligands was performed using the flexible small molecule rigid protein docking program AutoDock, version 6.7 (Allen et al. 2015) . The 2D structures of acetamide (CID178), b ut yr am i d e ( C I D 1 09 27 ) , an d s o d i u m s u cc i n a t e (CID23690498) were retrieved from the NCBI PubChem database. The Lamarckian Genetic Algorithm (LGA) with default parameter settings was performed. Non-bonded atoms in the protein were removed. Kollman and Gasteiger partial charges were assigned to the ligand and all torsions were allowed to rotate during docking. A total of 100 docked solutions were generated and clustered according to the RMSD tolerance limit of 1.0 Å and scored according to the Autodock scoring function. The grid map with 43 × 44 × 42 points was calculated using AutoGrid and a grid box was used around the active site to cover the entire protein binding site. The best docked conformation with the lowest docked energy model was chosen.
Statistical analysis
Comparisons among the groups were performed by analysis of variance using GraphPad prism software (version 5.0). The data presented are averages of three independent experiments and error bars represent standard deviations. For quantifying fold expression of the transcripts, a two-tailed ANOVA with Bonferroni post-test was used.
Results
AmiA protein interactions
Previous studies demonstrated that the AmiA negatively regulates the acetamidase operon of M. smegmatis (Parish et al. 2001; Sundararaman et al. 2014) . To switch on the operon, AmiA has to be removed from the P2 promoter. To identify a positive regulator of the acetamidase operon, the interacting proteins for AmiA were identified using two in vitro protein interaction assays such as the FWB and pull down assay. At first, interacting proteins for AmiA were screened in the M. smegmatis cells that had grown with acetamidase operon inducers and suppressors. The cytoplasmic proteins of uninduced, acetamide, and succinate added M. smegmatis lysates were used as prey proteins. The FWB identifies a protein of~39 kDa in acetamide-induced and uninduced lanes as the AmiA interacting protein (Fig. 2b, lanes 1 and 2) . By contrast, no protein interaction was observed in the succinate-added M. smegmatis lysate.
A pull down assay with acetamide-induced lysate identified another protein of~18 kDa along with the~39 kDa protein (Fig. 2b, lane 3) . MALDI TOF-TOF MS/MS identified the~39 kDa interacting protein as AmiC of acetamidase operon and~18 kDa interacting protein as RpsG, a 30S ribosomal protein of S7 (Table 1) .
Electroelution of AmiC
Several attempts to over-express and purify AmiC in E. coli as a recombinant protein was unsuccessful. This phenomenon was also noticed with the AmiC homolog in P. aeruginosa, AmiR that forms insoluble aggregates (Norman et al. 2000) . In this work, we have used electroelution with electrodialysis procedure to purify the AmiC protein. The AmiC protein band was excised from acetamide-induced cell lysates and eluted using an elution buffer. Purity of the electroeluted AmiC protein was visualized as a single band in 12% SDS-PAGE gel and confirmed by FWB with His-AmiA as the bait protein (Fig. 3) . The AmiC protein was completely refolded by desalting and electrodialysis for further use.
AmiC removes AmiA from the P2 promoter
We previously showed that AmiA represses the acetamidase operon by binding onto the direct repeats near the P2 promoter (Sundararaman et al. 2014) . In order to test the role of AmiC in AmiA-P2 interaction, EMSA was performed in which the AmiC protein was titrated to the AmiA-P2 promoter complex. A 199 bp DNA region containing the P2 promoter was radiolabeled with α-32 P dCTP and used as DNA probe. The His-AmiA protein was incubated with a P2 probe and the complex was titrated with increasing concentrations of AmiC protein (50 to 500 nM). When binding reactions were electrophoresed using non-denaturing PAGE, binding of the AmiA protein to the P2 promoter was inhibited with respect to the increase in concentration of AmiC (Fig. S1) . The complete inhibition of AmiA-P2 complex was observed with the addition of 500 nM AmiC protein (Fig. S1, lane 9) . When AmiC was incubated with AmiA-P2 complex in the presence of inducer acetamide, the AmiA-P2 complex was not dissociated (Fig. 4a, lanes 4-8) . One possible reason could be the preference in the interaction between AmiC and the inducer acetamide, which causes the AmiA-P2 complex to be retained.
Subsequently, binding of AmiC to the P2 promoter was tested to cross verify the AmiA removal from P2. When AmiC was incubated with the P2 promoter, no shift in band was observed; thus, demonstrating the interaction of AmiC with AmiA prevents AmiA binding to the P2 promoter (Fig.  4b, lanes 5 and 6) . We speculate that the removal of AmiA binding from the P2 promoter would repress the promoter and increase the expression of downstream genes. The inducer acetamide could occupy the periplasmic binding domain in the AmiC protein, which might change the binding fold that is needed for AmiA to bind with AmiC.
Modeling of the AmiC structure
The secondary structure of AmiC was determined using PSIPRED. The results showed that the AmiC structure is mainly composed of 13 β-strands, 11 α-helix, and coils (Fig. S2) . In order to determine the probable model for AmiC interaction with acetamide, the 3D structure of AmiC was predicted using homology modeling. For homology modeling, 1PEA was used as a suitable template with 28% sequence identity. 1PEA is a crystal structure of AmiC, the controller of transcription anti-termination in the amidase operon of Pseudomonas aeruginosa. The root mean square deviation (RMSD) of AmiC from the template structure was calculated as 0.581 Å (Fig. 5a ). Structural validation of the predicted 3D structure using Ramachandran's plot identifies that 99.3% of the residues are in allowed regions (Fig. 5b) . The AmiA interacting proteins were trypsin digested and subjected to MALDI-TOF-TOF MS/MS. The analysis was performed using MASCOT software against NCBI database.
Molecular docking of AmiC
The AmiC structure was docked with an acetamidase operon inducer and suppressor molecules such as acetamide, butyramide, and succinate and the binding free energy (ΔGbind, kcal/mol) was calculated. ΔGbind calculations demonstrated that the AmiC structure showed a strong interaction with acetamide (− 13.90 kcal/mol) and butyramide (− 7.26 kcal/mol) as compared to the suppressor succinate (6.88 kcal/mol). This correlates with the previous observation, in which M. smegmatis grown on acetamide and butyramide showed enhanced rates of amide hydrolysis but not when grown on propionate, butyrate, and succinate, which are good growth-substrates (Draper 1967) . Analysis of docked complexes demonstrated that AmiC binds to acetamide and butyramide through their periplasmic binding domains with two hydrogen bonds at Ser85and Tyr103 and a Van der Waals interaction at Tyr107 (Fig. 5c ). It is interesting to note that the binding residues are well conserved, where the P. aerugionsa AmiC was shown to bind acetamide by six residues such as Ser85, Tyr104, Pro107, Tyr150, Tyr152, and Thr233 (Pearl et al. 1994) . 
AmiC binds to the P3 promoter/operator regions
The DNA binding ability of AmiC protein was screened throughout the acetamidase operon since the AmiC was not binding to the P2 promoter. For this, the whole operon was amplified as a~300 bp PCR generated fragments with overlapping specific primers as mentioned (Sundararaman et al. 2014) . From the initial screening, it was identified that the AmiC protein bound to multiple regions of the operon such as the P1 promoter and the P3 promoter/operator regions. This correlates with the previous observation in which the OP3 and P3 promoter regions were shown to bind some regulatory proteins with uninduced and acetamide-induced whole cell lysates of M. smegmatis (Subbian and Narayanan 2007) . The OP3 operator region is composed of 266 bp in length, which is located between the coding regions of amiD and amiS genes. AmiC was identified to bind to the OP3 operator region in a concentration-dependent manner, where saturation of binding was observed with 500 nM of AmiC (Fig. 6a, lanes  1-5) . Competitive EMSA demonstrated that AmiC bound to the OP3 operator region in a specific manner, where the complete loss of binding was observed in the presence of a 50-fold molar excess of a specific competitor (Fig. 6a, lanes 6 and 7) .
The interaction of AmiC with its cis-acting elements also identified a binding in the P3 promoter region. P3 is a constitutive promoter, which is present 70 bp upstream from the structural gene of the acetamidase operon, amiE. The P3 promoter comprises the region of 568 bp (2458 to 3026) which does not contain putative − 10 and − 35 sequences (Subbian and Narayanan 2007) . The P3 promoter was divided into three small overlapping regions of~200 bp in length (P3A, P3B, and P3C), and EMSA was performed with the labeled probes to locate the binding region. The AmiC caused a shift in the mobility of fragment P3A, which comprises 148 bp region (primer pair: 2691N-2839C) of the P3 promoter (Fig. 6b,  lanes 2-5) . Cold chase with increasing concentrations of (Fig. 6b, lanes 6-8) . Cold chase with non-specific DNA (primer pair: 1776N-1975C) proved the specificity of AmiC binding with P3 promoter (data not shown). The binding between AmiC with acetamide was also checked in the presence of AmiC-P3 interaction complex. When the complex was chased with increasing concentrations of acetamide (20, 40, 80 , and 100 mM), it showed the complete inhibition of AmiC at the P3 promoter (Fig. 6c) . This once again illustrates the preference of AmiC to acetamide.
AmiC acts as a positive regulator
To examine the functional significance of the AmiC interaction, we quantified the expression of structural and functional genes of the acetamidase operon using qPCR. To do this, the amiC gene was cloned under hsp promoter and introduced into M. smegmatis. The WT and amiC over-expressing M. smegmatis cells were treated with and without inducer and grown until the late log phase. Total cellular RNA was isolated and the gene expressions were normalized. At first, the amiC over-expression was quantified from induced and uninduced cells by qPCR at 0, 4, and 18 h time points. As shown in Fig. 7a , amiC over-expression was increased up to 30-fold at 18 h as compared to 0 and 4 h time points post-heat induction. In order to verify the effect of amiE on amiC overexpression, the WT and amiC over-expressing strains were induced with 25 mM acetamide and the change in acetamidase transcript level was quantified. A significant increase in the acetamidase transcript was noted at 18 h post-induction (Fig.  7b) . Quantifying the acetamidase band using SDS-PAGE and densitometric analysis identified the correlation between mRNA and protein levels. Both the WT and amiC overexpressing strains expressed similar levels of acetamidase (Sundararaman et al. 2014) . Thus, these results suggest that AmiC acts as a positive regulator in the expression of acetamidase. We have also quantified the expression of amiA and amiD transcripts in the amiC over-expressing strain. After 4 h acetamide induction, expression of amiD was noted at lower levels, whereas amiA transcript persisted. At the 18 h time point, the expression of the negative regulator amiA expression totally decreased, whereas amiD expression was increased by several fold (Fig. 7c) . This suggests that the Fig. 6 Binding of AmiC with P3 promoter/operator region. a AmiC binding with OP3 operator: EMSA was performed for AmiC with OP3 operator. Lane 1, labeled OP3 operator alone; lanes 2 to 5, AmiC titration with increasing concentration (50, 100, 200, and 500 nM); lanes 6 to 7, increasing amount of molar excess of unlabeled specific competitor (25-and 50-fold). b Binding of AmiC with P3 promoter: EMSA was performed for AmiC with P3 promoter. Lane 1, labeled P3 promoter alone; lanes 2 to 5, AmiC titration with increasing concentrations (50, 100, 200, and 500 nM); lanes 6 to 8, increasing amounts of molar excess of unlabeled specific competitor (5-, 25-, and 50-fold). c Acetamide removes AmiC from P3 promoter/operator: EMSA was performed with increasing concentrations of acetamide. Lane 1, labeled P3 promoter probe alone; lanes 2 to 6, addition of increasing concentrations of acetamide with labeled P3 probeAmiC complex (20, 40, 80, and 100 mM). Several lanes were merged for photogenic purpose expression of positive regulators starts after 4 h and attains saturation at 18 h post-induction. In addition, we verified these results by quantifying the expression of amiA, amiD, and amiC transcripts in the WT M. smegmatis cells with and without acetamide induction. As shown in Fig. 8a and b , when the WT cells were uninduced, the expression of amiA increased by 10-fold as compared to amiD and amiC. When the WT cells were induced with 25 mM acetamide, a decrease in amiA expression was noted at 18 h, whereas the expressions of amiD and amiC increased by 70-and 10-fold, respectively. These results strongly demonstrate the physiological role played by AmiD and AmiC as positive regulators and AmiA as a negative regulator of the Acetamidase operon.
AmiC binds AmiA regulatory region
The DNA binding ability of AmiC also identifies its binding region near the P1 promoter. The P1/Pc promoter is 245 bp (1291-1536) long and is located between the amiC and amiA coding regions (Parish et al. 2001) . The P1 is a constitutive promoter, drives the expression of AmiA, and the Pc promoter is a weak constitutive promoter, which drives the expression of AmiC. The P1/Pc promoter was amplified using two overlapping primers and radiolabeled as mentioned previously. EMSA with AmiC caused retardation of the P1 (primer pair: 1457N-1648C) promoter DNA but not with the Pc (primer pair: 1339N-1492C) promoter DNA (Fig. 9a, lanes 1-5) . Cold chase with increasing concentrations (100-fold) of unlabeled P1 DNA confirms the specificity of the AmiC-P1 interaction (Fig. 9a, lane 6 ). Cold chase with unlabeled acetamide once again shows the interaction of AmiC with acetamide, which causes the complete removal of AmiC from the P1 DNA region (Fig. 9a, lanes 7-10) In turn, the binding of AmiA in the Pc region was also identified. The AmiA caused retardation of the Pc promoter DNA but did not retard the P1 promoter DNA region (Fig.  9b) . Protein titrations were also performed with a fixed DNA probe over a range of AmiA concentrations (5, 10, 20, 50, 100, 200, 300, 400 , and 500 nM) (data not shown). These results suggest that binding of the positive regulator AmiC onto the P1 promoter could functionally regulate the expression of the negative regulator, AmiA. In turn, the AmiA also Fig. 7 Over-expression of AmiC and its effect on acetamidase. a Quantification of amiC: qPCR measurements of mRNA abundance in WT and amiC over-expression strains. Expression of AmiC was quantified in amiC over-expression strains under induced and uninduced conditions. b Relative mRNA abundance was determined for acetamidase (amiE) using total RNA at 4 and 18 h after acetamide induction. The data represent average values and standard error measurements from three technical replicates shown as percent relative abundance normalized to the 16 s rRNA gene. The symbols (*, **, ***) indicate P < 0.05, P < 0.01, and P < 0.001, respectively. c qPCR measurements of amiA and amiD in amiC over-expression strains. Expressions of amiA and amiD were quantified in amiC overexpression strains under induced conditions binds to the Pc promoter and regulates the expression of the positive regulator, AmiC (Parish et al. 2001 ).
Discussion
The acetamidase promoter acts as a valuable tool for expressing the complex M. tuberculosis antigens. The existing acetamidase promoter containing vectors have the 1.5 kb upstream region of amiE, which makes the system unstable (Brown and Parish 2006) . In addition, leaky expression of the promoter makes it unsuitable for several study conditions. Hence, identifying the specific promoter region is important to improve its utility.
In our previous study, we have shown that a MarR family transcriptional regulator, amiA, negatively regulates the Fig.8 Expression of ORF's upon acetamide induction. Expression of amiA, amiD, and amiC was quantified at 4 h (a) and 18 h (b) after induction. The data represent average values and standard error measurements from three technical replicates shown as percent relative abundance normalized to the 16s rRNA gene. The symbols (*, **, ***) indicate P < 0.05, P < 0.01, and P < 0.001, respectively Fig. 9 AmiC and AmiA bind in P1/Pc promoter. a AmiC binds P1 promoter: cold chase experiment was performed for P1B probe with AmiC. Positions of free and bound probes are marked. Lane 1, labeled probe alone; lanes 2-5, addition of labeled probe + AmiC; lane 6, addition of labeled probe + 100-fold excess of unlabeled P1B DNA; lanes 7-10, labeled P1B probe + AmiC with increasing amount of molar excess of unlabeled acetamide (20, 40, 80 , and 100 mM). b HisAmiA binds Pc promoter: cold chase experiment was performed for Pc probe with His-AmiA. Lane 1, labeled Pc probe alone; lane 2, addition of labeled Pc probe + His-AmiA; lanes 3-7, labeled Pc probe + His-AmiA with increasing amounts of molar excess of unlabeled specific competitor relative to labeled probe (20-, 40-, 60-, 80-, and 100-fold) acetamidase operon by binding onto the amide inducible P2 promoter (Sundararaman et al. 2014 ). Here, we have shown that AmiC acts as a positive regulator of amiE expression by removing AmiA from its regulatory region, thus counteracting the AmiA repression exerted on the P2 promoter. The AmiA protein was shown to interact with AmiC and a 30S ribosomal protein of M. smegmatis. Ribosomal proteins are shown to interact with transcriptional factors and modulate the gene expression both positively and negatively (Daftuar et al. 2013; Kim et al. 2014) . However, the significance of AmiA interaction with the 30S ribosomal protein is yet to be explored. The intensity of the AmiA-AmiC interaction was varied between uninduced, acetamide-induced, and succinateadded M. smegmatis lysates. The AmiC interacting band was less intense in the uninduced lysate as compared to the acetamide-induced cell lysate. As expected, no interaction of AmiC was noted with the succinate-added lysate (Fig. 2b) . This directly correlates with the levels of positive regulator inside the cells.
In order to switch on the operon, the negative regulator should be removed from the repressing promoter. In general, the activator molecules bind to the free repressor proteins and thereby removes them from the operator (Chatterjee et al. 1997) . Our result showed that the AmiC protein binds only to the activator molecules (acetamide, butyramide) and thereby positively regulates the expression of acetamidase. This is in contrast to the results obtained from the AmiC homolog of P. aeruginosa, in which the AmiC protein binds to acetamide and thereby negatively regulates the amidase operon (Wilson et al. 1993) . Sequence and structural analysis of the AmiC protein showed that this protein contains a periplasmic binding protein domain. The periplasmic binding proteins are small molecule binding proteins, which bind and transport the small molecules from the cell membrane to the cytoplasm (Ames 1986) . Although AmiC was observed to bind with multiple regulators of the operon, it was acetamide that competes for binding as compared to AmiA, the P1 and P3 promoter/operator. It was also observed that AmiC binds independently to acetamide and AmiA and does not form an Acetamide-AmiC-AmiA complex (Fig. 4c) . In contrast, the P. aeruginosa amidase operon AmiC was shown to form a Butyramide-AmiC-AmiR complex (O'Hara et al. 1999) . Further understanding of the AmiC crystal structure will benefit the interaction studies of AmiC with acetamide and AmiA.
In this study, we also localized the cis-acting region of AmiC. The electroeluted AmiC protein was shown to bind at multiple regions of the operon such as the P1 promoter, OP3 operator, and P3 promoter regions. Although there is no sequence similarity among the regulatory regions, the AmiC nevertheless showed specific binding to each region. Analysis of these regulatory regions (P1, P3, OP3) by the motif prediction tool MEME identifies a conserved motif with a consensus sequence TCATCATCGA (Fig. S3 ). This conserved motif is present in all three regulatory regions. Of the 10 bases, 50% within the motif are identical in all three predicted sequences. The ATCG sequence towards the 3′ end is highly conserved. We speculate that this predicted motif in all three regulatory regions could be the preferred binding region for AmiC. Identifying the specific interacting bases would be interesting in order to study the molecular mechanisms behind the interaction. Binding of AmiC to the highly inducible P1 promoter would be needed to modulate the expression of the negative regulator, AmiA during repression. We were also able to locate AmiA binding to the weak and constitutive Pc promoter, which is needed to regulate the AmiC expression. The DNA binding studies were also supported by the amiC in vivo over-expression studies (Fig. 7b) .
The AmiC protein acts as a master regulator in regulating the operon. AmiC protein has shown the ability for protein-DNA, protein-protein, and protein-small molecule binding. We thus refine the previous hypothesis of acetamidase operon regulation. Under non-induced conditions, the constitutively expressing AmiA from the P1 binds the P2 promoter and blocks the expression of downstream genes, thereby leading to a decrease in the expression of amiE expression. Upon acetamide induction, the leaky promoter Pc, which continues to express a small basal level of AmiC, will sense and bind to the inducer and thereby could increase the AmiC expression to a greater extent. The expressed AmiC binds with negative regulator, AmiA, and removes it from the P2 promoter. The de-repressed P2 promoter then expresses the downstream AmiD and AmiS in sufficient amounts and in turn regulates the operon positively. In addition, AmiC binds to the weak, OP3 and P3 promoter/operator regions, which could increase the strength of the P3 promoter for acetamidase expression (Fig. 10) . Interestingly, the positive regulator AmiC also binds to the P1 promoter, thereby operating the negative regulator, AmiA. In turn, AmiA also binds to the Pc promoter and operates the positive regulator, AmiC.
